Polycystic ovary syndrome (PCOS), the most common endocrinopathy in women of reproductive age, is characterized by hyperandrogenism, anovulation, and polycystic ovaries. Although its etiology is unknown, excess androgens are thought to be a critical factor driving the pathology of PCOS. We previously demonstrated that continuous exposure to the aromatase inhibitor letrozole (LET) in mice produces many hallmarks of PCOS, including elevated testosterone (T) and luteinizing hormone, anovulation, and obesity. In the current study, we sought to determine whether androgen receptor (AR) actions are responsible for any of the phenotypes observed in LET mice. C57BL/6 female mice were subcutaneously implanted with LET or placebo control and subsequently treated with the nonsteroidal AR antagonist flutamide or vehicle control. Flutamide treatment in LET females reversed elevated T levels and restored ovarian expression of Cyp17a1 (critical for androgen synthesis) to normal levels. Pituitary expression of Lhb was decreased in LET females that received flutamide treatment, with no changes in expression of Fshb or Gnrhr. Flutamide treatment also restored estrous cycling and reduced the number of ovarian cyst-like follicles in LET females. Furthermore, body weight and adipocyte size were decreased in flutamide-treated LET females. Altogether, our findings provide strong evidence that AR signaling is responsible for many key reproductive and metabolic PCOS phenotypes and further establish the LET mouse model as an important tool for the study of androgen excess. (Endocrinology 159: 1734-1747, 2018) P olycystic ovary syndrome (PCOS) is the most common reproductive disorder in women of reproductive age, affecting 5% to 10% of the population (1-4). PCOS is a complex and heterogeneous disorder characterized by hyperandrogenism, ovulatory dysfunction, and polycystic ovaries and frequently presents with metabolic comorbidities, including obesity and insulin resistance (5). In women, elevated androgens are associated with obesity (6), which can exacerbate the pathology of PCOS (5). In addition to hyperandrogenism, PCOS is characterized by a distinct neuroendocrine phenotype involving persistent, rapid gonadotropin-releasing hormone (GnRH) pulsatility, which favors synthesis and secretion of luteinizing hormone (LH) over follicle-stimulating hormone (FSH) and leads to an increased ratio of LH to FSH in women with PCOS (4, 7, 8) . Elevated LH stimulates ovarian theca cells to produce excess androgens, whereas low FSH contributes to impaired folliculogenesis and anovulation (4, 9). These changes in GnRH and gonadotropin release are likely due to alterations in sex steroid feedback caused by abnormal steroidogenesis of the PCOS ovary. Indeed, women with PCOS display increased activity of 17a-hydroxylase (encoded by Cyp17a1), the rate-limiting enzyme in androgen biosynthesis (10, 11), and also exhibit decreased sensitivity to progesterone (P4) negative feedback (12, 13) . Although the etiology of PCOS is unknown, excess androgens are thought to be a key factor driving the pathology of this disorder, evidenced by data showing that loss
P olycystic ovary syndrome (PCOS) is the most common reproductive disorder in women of reproductive age, affecting 5% to 10% of the population (1) (2) (3) (4) . PCOS is a complex and heterogeneous disorder characterized by hyperandrogenism, ovulatory dysfunction, and polycystic ovaries and frequently presents with metabolic comorbidities, including obesity and insulin resistance (5) . In women, elevated androgens are associated with obesity (6) , which can exacerbate the pathology of PCOS (5) . In addition to hyperandrogenism, PCOS is characterized by a distinct neuroendocrine phenotype involving persistent, rapid gonadotropin-releasing hormone (GnRH) pulsatility, which favors synthesis and secretion of luteinizing hormone (LH) over follicle-stimulating hormone (FSH) and leads to an increased ratio of LH to FSH in women with PCOS (4, 7, 8) . Elevated LH stimulates ovarian theca cells to produce excess androgens, whereas low FSH contributes to impaired folliculogenesis and anovulation (4, 9) . These changes in GnRH and gonadotropin release are likely due to alterations in sex steroid feedback caused by abnormal steroidogenesis of the PCOS ovary. Indeed, women with PCOS display increased activity of 17a-hydroxylase (encoded by Cyp17a1), the rate-limiting enzyme in androgen biosynthesis (10, 11) , and also exhibit decreased sensitivity to progesterone (P4) negative feedback (12, 13) . Although the etiology of PCOS is unknown, excess androgens are thought to be a key factor driving the pathology of this disorder, evidenced by data showing that loss of androgen receptor (AR) signaling improves or prevents PCOS phenotypes in animal models (14) (15) (16) , and CAG repeat polymorphisms in the AR gene may contribute to hyperandrogenism in women with PCOS (17) (18) (19) (20) . Furthermore, treatment with AR antagonists improves many symptoms in women with PCOS, including responsiveness to P4 (7, 21) . Thus, one possibility is that excess androgens may be acting through AR, which is expressed throughout the hypothalamic-pituitary-gonadal axis, to decrease sensitivity to P4 negative feedback. Impaired negative feedback would in turn promote neuroendocrine dysfunction and contribute to the ovarian features of PCOS. In addition to improving neuroendocrine feedback responses, antiandrogen treatment has been shown to restore ovulatory cycles, improve hirsutism scores, decrease androgen levels, and improve lipid profiles in women with PCOS (22, 23) , further implicating androgen actions through AR as important contributors to PCOS pathophysiology.
Animal models have been a valuable resource in elucidating possible mechanisms underlying the pathology of PCOS in women. Several strategies have been used to develop animal models of PCOS, including exposure to androgens, estrogens, progesterone receptor antagonists, and genetic manipulations (24) . Mouse models of PCOS have been of particular interest and are advantageous due to the ease with which mice can be genetically manipulated. Dihydrotestosterone (DHT), a potent and nonaromatizable androgen, has been shown to induce many symptoms of PCOS when administered to mice. Prenatal DHT treatment [prenatal androgenization (PNA)] results in several endocrine phenotypes associated with PCOS, including irregular estrus cycles and resistance to P4 (25) (26) (27) (28) (29) , although it fails to faithfully reproduce many of the metabolic features of PCOS, including obesity (28, 30) , and thus may best represent lean women with PCOS (31) . Conversely, chronically administered DHT from puberty to adulthood primarily recapitulates the metabolic phenotypes associated with PCOS, including obesity, increased adiposity, enlarged adipocytes, and insulin resistance (32) , but only produces a subset of the many reproductive endocrine phenotypes observed in women with PCOS. Altogether, these models demonstrate that exogenous androgen administration at different developmental stages in mice is sufficient to produce some but not all aspects of human PCOS.
We previously developed a new mouse model of PCOS using the nonsteroidal aromatase inhibitor letrozole (LET) (33) , following a similar model in rats (34, 35) . Aromatase is encoded by Cyp19a1 and is the cytochrome p450 enzyme necessary for conversion of androgens to estrogens. LET models of PCOS are based on the findings that genetic variants of Cyp19a1 are associated with PCOS in women (36, 37) , and follicular fluid from the ovaries of women with PCOS exhibits an increased ratio of androgens to estrogens due to increased activity of 17a-hydroxylase (10, 11) . We demonstrated that female mice continuously treated with LET from 4 weeks of age are hyperandrogenic and display many PCOS phenotypes, including increased testosterone (T) and LH, polycystic ovaries, and acyclicity after 5 weeks of treatment (33) . LET females also exhibit increased body weight and adiposity. Interestingly, estrogen was not depleted in LET females after 5 weeks, likely due to their ;10-fold upregulation of Cyp19a1. Altogether, LET successfully recapitulated many reproductive and metabolic features of human PCOS.
Although the LET mouse model exhibits hyperandrogenemia, it remains to be determined which, if any, aspects of the PCOS phenotype in LET mice can be attributed to androgen actions. Understanding the specific contributions of androgens to LET PCOS phenotypes will allow insight into the mechanisms underlying reproductive and metabolic dysfunction in this model and lay the groundwork for combining transgenic mouse models with LET treatment to study the pathogenesis of PCOS. In the current study, we hypothesized that several PCOS phenotypes in the LET mouse model would be reversed with antiandrogen treatment if AR signaling is a primary factor causing the phenotypes in this model. To approach this question, we treated LET mice with the nonsteroidal AR antagonist flutamide and found that many PCOS phenotypes were ameliorated with flutamide treatment, further establishing the role of AR and the importance of the LET mouse as a model of androgen excess.
Methods

Animals and treatment
Female C57BL/6 mice (Harlan Laboratories) were maintained on a 12:12 light/dark cycle with ad libitum standard chow diet and water. All experimental procedures were approved by the University of California, San Diego Institutional Animal Care and Use Committee. Mice were housed two females per cage according to treatment. Based on our previous study (33) , we subcutaneously implanted 4-week-old females with custom-made continuous-release pellets (Innovative Research of America) containing 50 mg/d LET (Fitzgerald) or placebo control (CON) (n = 20 per treatment). Mice were weighed weekly from the time of LET or CON pellet implantation, and 2.5 weeks after mice received a LET or CON pellet, they were subcutaneously implanted with a second pellet containing 20 mg flutamide (38) or an empty pellet (n = 10 per group) (Fig. 1) . The 20-mg flutamide pellets were made in-house by packing 1.5 cm flutamide (Sigma; catalog no. F9397) into 2-cm Silastic tubing (1.47 mm inner diameter, 1.96 mm outer diameter) and sealing with silicone sealant. This dose of flutamide was validated by implantation in intact male mice for 3 weeks, after which we observed a significant increase in both serum LH and pituitary expression of Lhb, indicating that 20 mg flutamide was sufficient to block the negative feedback effects of endogenous androgens (Supplemental Fig. 1 ).
Estrous cycle assessment
Vaginal smears were taken at the time of flutamide or empty pellet implantation (2.5 weeks of exposure to LET) and weekly thereafter at 3, 4, and 5 weeks of exposure to LET (Fig. 1 ). Mice were not cycled daily to reduce stress caused by handling. Estrous cycle stage was evaluated for these time points by light microscopic analysis of the predominant cell type in vaginal smear samples. Diestrus was characterized by the presence of predominantly leukocytes, proestrus by the presence of mostly nucleated cells, estrus by the presence of cornified epithelial cells, and metestrus by the presence of leukocytes with some cornified epithelial cells (39) .
Tissue collection and histology
After 5 weeks of LET or CON treatment (2.5 weeks of flutamide or empty pellet treatment), mice were weighed and a vaginal smear collected before euthanasia by CO 2 inhalation. Blood was collected from the abdominal aorta. Pituitaries and one ovary per animal were collected, rapidly frozen on dry ice, and stored at 280°C. The parametrial fat pad and one ovary from each animal were fixed in 10% acetic acid, 30% formaldehyde, and 60% ethanol.
For histological analysis, fixed ovaries were paraffin embedded and then serially sectioned at 10 mm and stained with hematoxylin and eosin (Sigma-Aldrich). Corpora lutea, atretic cyst-like follicles (large, fluid-filled cysts exhibiting granulosa cell degeneration) (14) , and hemorrhagic cysts were counted from every third slide per ovary (seven sections total per ovary). Ovarian features were identified and counted by an investigator blind to treatment group. Fixed parametrial adipose tissue was embedded in paraffin and then serially sectioned at 5 mm before staining with hematoxylin and eosin. Adipocyte number and area were quantified from two sections per sample using ImageJ Fiji software with the Adiposoft plugin (40) .
Hormone assays
Tail blood was taken for analysis of serum LH and FSH at 2.5 weeks (time of flutamide or empty pellet implantation), and abdominal aorta blood was taken at the end of the 5-week study for analysis of LH, FSH, T, estradiol (E2), P4, dehydroepiandrosterone (DHEA), and androstenedione (A4). For both time points, serum was collected and stored at 220°C. LH and FSH were measured in-house on a MILIPLEX (MPTMAG-49K; Millipore) from 5 mL serum per sample. LH: lower detection limit: 5.7 pg/mL, intra-assay coefficient of variation (ACOV) 16.8%, and inter-ACOV 7.05%. FSH: lower detection limit: 24.5 pg/mL, intra-ACOV 13.8%, and inter-ACOV 5.84%. Serum T, E2, and P4 were measured by the University of Virginia Ligand Core Facility using mouse enzyme-linked immunosorbent assays (range, 10 to 1600 ng/dL, 3 to 300 pg/mL, and 0.15 to 40 ng/mL, respectively). DHEA and A4 were measured by the University of Virginia Ligand Core Facility using human enzyme-linked immunosorbent assays (range, 0.37 to 30 ng/mL and 0.1 to 10 ng/mL, respectively). For each hormone assay, all data shown are above the level of detection of the assay.
Quantitative real-time polymerase chain reaction of ovary and pituitary genes
Total RNA from pituitary and ovary was isolated using an RNeasy Mini Plus kit, which also removes genomic DNA (Qiagen). Complementary DNA (cDNA) was made by reverse transcription of total RNA using an iScript cDNA synthesis kit (Bio-Rad Laboratories). cDNA products were detected using SYBR Green Supermix (Bio-Rad Laboratories) on a Bio-Rad CFX Connect quantitative real-time polymerase chain reaction system (Bio-Rad Laboratories). Data were analyzed by the 2 2DDCt method (41) by normalizing the gene of interest to Gapdh (pituitary) or to Ppia (ovary). Data are represented as mean fold change compared with CON (empty pellet) 6 standard error of the mean. Primer sequences are listed in Table 1 .
Statistical analysis
All data are shown as mean 6 standard error of the mean unless otherwise stated. Statistical analyses were performed using an unpaired two-tailed Student t test or two-way analysis Figure 1 . Experimental design. C57BL/6 female mice were implanted with pellets containing LET or CON at 4 weeks of age. Halfway through the 5-week treatment paradigm, mice received a second pellet containing 20 mg flutamide or an empty pellet, creating four groups. Body weights were measured weekly throughout the study. Vaginal smears were taken at the time of flutamide or empty pellet implantation (and weekly thereafter) to assess estrous cycle stage, and tail blood was taken to measure serum LH and FSH. Mice were euthanized at the end of the 5-week study and tissues and serum collected for analysis.
of variance (ANOVA) (to assess the main effects of LET, flutamide, and LET 3 flutamide interaction) as indicated in the figure legends. Data collected before flutamide or empty pellet implantation were analyzed by two-way ANOVA to ensure that there were no preexisting differences between animals that would go on to receive flutamide or empty pellet treatment within the LET or CON group. Because no preexisting differences within LET or CON were detected, only the main effects of LET are reported prior to flutamide or empty pellet treatment. When significant LET 3 flutamide interactions were detected, two-way ANOVA was followed by Tukey post hoc analysis. For all analyses, P , 0.05 was considered statistically significant. One animal was found to be a statistical outlier with circulating T 4.3 standard deviations (SDs) above the mean ( Fig. 2A , mean = 49.2 ng/dL and SD = 59.63) and 2.63 to 3.72 times higher than animals with similar LH concentrations. This animal was excluded from all subsequent analysis.
Results
Circulating hormone levels are improved with flutamide treatment in LET females
To investigate whether flutamide treatment affects hyperandrogenism in LET females, we measured circulating T. One animal was found to be a statistical outlier with T 4.3 SDs outside the mean and was excluded from subsequent analysis ( Fig. 2A , outlier shown in gray). We observed that LET [F(1, 31) = 30.22, P , 0.0001], flutamide [F(1, 31) = 8.457, P = 0.0067], and the interaction between these two factors [F(1, 31) = 6.999, P = 0.0127] had significant overall effects on circulating T. As we have previously reported (33) , T was significantly increased in LET females compared with both CON groups ( Fig. 2A , P , 0.0001). However, with flutamide treatment in LET females, T was significantly decreased compared with LET females that received empty pellets ( Fig. 2A , P = 0.0028). There were no differences in T levels between either CON group compared with each other or when compared with LET females that received flutamide treatment. Circulating E2, P4, DHEA, and A4 levels were also measured, but most samples fell below the level of detection of these assays, regardless of treatment group. Thus, there was not sufficient power to detect differences in serum E2, P4, DHEA, or A4 levels among groups, if any existed (data not shown).
Circulating LH and FSH levels were measured from serum taken after 2.5 weeks of LET or CON treatment (on the day of flutamide or empty pellet implantation) Figure 2 . Serum T and LH were decreased with flutamide treatment in LET females, with no change in FSH. (A) Circulating T levels plotted individually with bars indicating mean and standard error of the mean for each group; n = 8 to 10 per group. One LET animal that received flutamide treatment (shown in gray) was found to be a statistical outlier with an SD 4.3 times above the mean and was excluded from analysis. Circulating (B) LH and (C) FSH levels at 2.5 weeks of LET or CON treatment; n = 8 to 10 per group. Circulating (D) LH and (E) FSH levels at the end of the 5-week study; n = 8 to 10 per group. Data were analyzed by two-way ANOVA with results indicated as follows: L, LET; F, flutamide; LxF, LET 3 flutamide interaction; *, significant effect; ns, no significant effect. Different letters indicate statistically significant differences between groups by Tukey post hoc analysis. 2D , P = 0.0001 and P = 0.019, respectively). The mean LH level of LET females that received flutamide treatment was not statistically different from any other group, although there was a nearly significant trend toward decreased serum LH in flutamidetreated LET females compared with LET females that received an empty pellet ( (Fig. 3A , P , 0.0001), and this effect was reversed with flutamide treatment (Fig. 3A , P = 0.005). There was a trend toward increased Lhb in flutamide-treated LET mice compared with CON mice that received empty pellets, although this did not reach statistical significance (Fig. 3A , P = 0.0660). There was no effect of flutamide treatment on Lhb expression in CON females. We did not observe any effects of LET [F(1, 28) = 0.4188, P = 0.5228] or flutamide [F(1, 28) = 1.601, P = 0.2162] on expression of Fshb (Fig. 3B) . Pituitary expression of Gnrhr was significantly affected by LET [ Fig. 3C; F(1, 28) 
Flutamide treatment restores estrous cycling and improves ovarian morphology in LET females
We previously observed that LET treatment disrupts estrous cyclicity in female mice and results in constant diestrus. To determine whether flutamide treatment had any effect on estrous cycling in CON or LET females, cycle stage was evaluated at the time of flutamide or empty pellet implantation and weekly thereafter. At 2.5 weeks of CON or LET treatment, evaluation of vaginal cytology revealed that CON females were in various cycle stages (estrus, metestrus, or proestrus), whereas most LET females were in diestrus, with a few exhibiting vaginal cytology characteristic of metestrus (Fig. 4A) . At the end of the study (5 weeks), after 2.5 weeks of flutamide or empty pellet treatment, CON females were in various cycle stages (estrus, metestrus, proestrus, or diestrus), regardless of flutamide treatment (Fig. 4B) . However, although LET females that received empty pellets continued to primarily exhibit diestrus, flutamide-treated LET females displayed various different cycle stages similar to CON animals (Fig. 4B) , suggesting that flutamide treatment may have restored estrous cycling in LET females. There were no differences in ovary weights among groups (data not shown).
To confirm whether ovulation was restored with flutamide treatment in LET females, we examined ovaries for the presence of corpora lutea. CON ovaries displayed several corpora lutea, with no effect of flutamide treatment in CON animals ( Fig. 4C and 4D) . No corpora lutea were observed in any ovaries from LET animals that received empty pellet treatment. However, several (4/9) LET females that received flutamide treatment ovulated, evidenced by the presence of corpora lutea in their ovaries ( Fig. 4C and 4D ). We also examined ovaries for the presence of atretic cyst-like follicles and found significant effects of LET [F(1, 32) = 68.82, P , 0.0001], flutamide [F(1, 32) = 10.11, P = 0.0033], and an interaction between LET and flutamide [F(1, 32) = 9.252, P = 0.0047]. LET ovaries had a significantly increased number of atretic cyst-like follicles compared with either CON group ( Fig. 4C and 4E ; P , 0.0001). Although flutamidetreated LET mice had more atretic cyst-like follicles compared with both CON mice that received empty pellets (P = 0.0053) and CON mice that received flutamide treatment (P = 0.0041), atretic cyst-like follicles were significantly reduced compared with LET females that received empty pellets ( Fig. 4C and 4E ; P = 0.0006). LET [F(1, 32) = 17.06, P = 0.0002] but not flutamide [F(1, 32) = 0.0758, P = 0.7848] significantly affected the number of hemorrhagic cysts observed ( Fig. 4C and 4F) .
Expression of key ovarian messenger RNAs is restored with flutamide treatment in LET females
There was a significant overall effect of both LET Fig. 6B and 6C , P , 0.01). In CONs, flutamide treatment had no effect on adipocyte size (Fig. 6B and  6C) . However, flutamide-treated LET mice exhibited significantly reduced mean adipocyte area compared with LET mice that received empty pellets (Fig. 6B and  6C , P = 0.0215). 
Discussion
PCOS is a complex and heterogeneous reproductive endocrine disorder in women. Although its etiology is unknown, excess androgens are believed to be a key factor driving the pathophysiology of this disorder. Murine models in which exogenous androgens are given to induce features of PCOS have been a valuable research tool to study possible mechanisms underlying this disorder but do not fully recapitulate the spectrum of phenotypes seen in women with PCOS, which typically includes both reproductive and metabolic dysfunction. We previously demonstrated that LET treatment from 4 weeks of age produces many reproductive and metabolic phenotypes similar to human PCOS, including elevated T, increased ratio of LH to FSH, anovulation, obesity, and enlarged adipocytes. Because the LET model relies on increasing endogenous androgens by inhibition of aromatase rather than treating animals with exogenous androgens, it remained to be determined whether any LET phenotypes can be attributed to excess androgen signaling. Here we report that many features of the LET-induced mouse model of PCOS are ameliorated by treatment with the AR antagonist flutamide and thus can be attributed to actions of AR, further establishing the LET mouse as a useful tool in the study of androgen excess.
In women with PCOS, elevated T is typically driven by increased LH pulse frequency (4, 7, 21) , which itself is likely a downstream consequence of dysregulated steroidogenesis and sex steroid feedback (12, 13) . We found that treatment with flutamide significantly decreased serum T levels in LET mice, indicating that 2.5 weeks of continuous antiandrogen treatment can reverse hyperandrogenemia induced by LET. Similar effects of antiandrogens have been observed in women with PCOS, with chronic flutamide treatment decreasing both T and LH levels throughout the menstrual cycle (22, 42, 43) and improving symptoms of hyperandrogenism, including hirsutism (22, 43) . Importantly, decreased secretion of sex hormone-binding globulin (SHBG) in women with PCOS increases T bioavailability (44, 45) , making free vs total T a valuable clinical measure (1). Although antiandrogen treatment has been shown to increase serum SHBG in women with PCOS (22, 46), we were unable to evaluate this PCOS phenotype in the LET model because mice do not secrete SHBG postnatally (47) . In addition to decreased T, we also observed decreased expression of Lhb mRNA in LET mice that received flutamide treatment and a nearly significant decrease in circulating LH (discussed further below). One mechanism by which LH promotes ovarian androgen production is positive regulation of Cyp17a1 (48, 49) , the cytochrome p450 enzyme critical for androgen synthesis (10, 11) . Cyp17a1 is upregulated in both women with PCOS (11, (50) (51) (52) ) and the LET model of PCOS. Reductions in circulating T with flutamide treatment in the LET mouse are likely due in part to decreased ovarian expression of Cyp17a1. In Figure 5 . Ovarian expression of key reproductive genes with flutamide treatment in LET females. Mean mRNA expression levels of (A) Fshr, (B) Cyp17a1, and (C) Cyp19a1 from ovaries of CON and LET females that received flutamide or empty pellet treatment; n = 7 to 10 per group. Data are represented as mean fold change compared with CON (empty pellet) 6 standard error of the mean. Data were analyzed by two-way ANOVA with results indicated as follows: L, LET; F, flutamide; LxF, LET 3 flutamide interaction; *, significant effect; ns, no significant effect. Different letters indicate statistically significant differences between groups by Tukey post hoc analysis. addition, there is some evidence that in humans, flutamide itself may weakly inhibit activity of 17a-hydroxylase, the gene product of Cyp17a1 (53, 54) . Although flutamide decreases T in women with PCOS, it has not been determined whether this can be directly attributed to decreased Cyp17a1 expression or activity, although flutamide has been shown to decrease Cyp17a1 mRNA in cultured porcine ovarian follicles (55) . Although androgens and AR have known roles in the positive regulation of Cyp19a1 (56, 57) and Fshr (58-60), ovarian expression of these genes was not significantly decreased following flutamide treatment in LET females. We previously found that ovarian expression of Lhcgr (encoding the LH/choriogonadotropin receptor) was unaffected by LET treatment in female mice (33) . Recently, genetic variants of both FSHR and LHCGR (61-64) have been reported as PCOS risk loci in genome-wide association studies, highlighting critical roles of gonadotropin signaling in PCOS pathophysiology.
In addition to improved serum T levels, we observed changes in circulating gonadotropins and expression of key reproductive genes in the pituitary in LET females, some of which were ameliorated with flutamide treatment. Serum LH levels were significantly increased in LET females compared with CON at 2.5 weeks of treatment, indicating that this PCOS phenotype was established in LET mice prior to flutamide treatment. Indeed, elevated LH has been observed as early as 1 week after beginning LET treatment (65). After 2.5 weeks of flutamide treatment, LET females exhibited a nearly significant decrease in mean circulating LH levels compared with LET females that received empty pellets. Similar to our result, 3 weeks of flutamide treatment decreased LH in female aromatase knockout mice, although not to the level of wild-type CONs (66) . Chronic flutamide administration also decreases circulating LH in women with PCOS and in hyperandrogenic women without PCOS (42) . We also observed a significant decrease in expression of Lhb mRNA with flutamide treatment in LET mice compared with LET females that received empty pellets. As we previously reported, Gnrhr mRNA was significantly increased in LET females compared with CON, and this phenotype was not changed with flutamide treatment in LET mice, suggesting that increased Gnrhr is not an AR-dependent phenotype in this model. Although androgens have been implicated in the positive regulation of Gnrhr in mice (67, 68) , GnRH is known to have potent stimulatory effects on Gnrhr expression (69) (70) (71) . Thus, we speculate that rapid frequency GnRH secretion in LET females is sufficient to maintain high Gnrhr regardless of AR antagonism by flutamide. It has not been reported whether LET females exhibit increased GnRH pulsatility similar to women with PCOS (7, 8) , although increased LH in LET mice is likely reflective of upstream changes in GnRH secretion patterns. At present, it appears unlikely that Lhb expression is decreased in flutamide-treated LET animals as a result of decreased GnRH receptor levels, but it will be important for future studies to investigate specific contributions of brain vs pituitary AR to PCOS phenotypes in the LET model. Although we previously reported a significant decrease in both circulating FSH and pituitary expression of Fshb in LET mice compared with CON, we did not see differences in levels of circulating FSH or Fshb mRNA between any treatment groups in the current study. This is likely reflective of the variability of FSH and Fshb within treatment groups, as mice were euthanized after 5 weeks of LET or CON treatment regardless of cycle stage. Genetic variants of FSHB have recently been associated with PCOS risk in women by genome-wide association studies (62, 63, 72) . Although many reproductive parameters are improved with flutamide treatment in women with PCOS, circulating FSH levels have been reported to either remain unchanged (22, 42) or modestly decrease (21) . Likewise, flutamide treatment has no effect on serum FSH levels in female aromatase knockout mice (66) .
In women with PCOS who have oligo-or anovulation, flutamide treatment restores menstrual cyclicity and ovulation (22, 42) . Acyclicity in the PNA mouse model of PCOS can be reversed with flutamide treatment (27) or by haploinsufficiency or complete loss of genomic AR signaling (15) . Similar to PCOS in women, LET mice exhibit acyclicity characterized by persistent diestrus and fail to ovulate (33, 73) . In the current study, we found that several but not all LET females that received flutamide treatment ovulated, evidenced by the presence of corpora lutea in their ovaries. Furthermore, although most LET females that received empty pellet treatment were in diestrus at the end of the study, flutamide-treated LET mice displayed various estrous cycle stages similar to CONs. Estrous cycling may have normalized ovarian steroidogenesis in these animals, which may have contributed to decreased T. Altogether, this suggests that blockade of AR can restore estrous cyclicity and ovulation in the LETinduced mouse model of PCOS. At present, it is unclear whether this is due to antagonism of AR signaling in the ovary or neuroendocrine tissues or both, although this will be an important area of future investigation. It has recently been demonstrated that loss of AR signaling in neurons improves follicle health and ovulatory function in a postnatal DHT mouse model of PCOS (14) . Another recent study showed that theca cell-specific AR knockout improved estrous cycling, although not to the level of CONs, and restored ovulation in adult mice treated with DHT (16) . Together, these studies indicate possible roles of both neuroendocrine and ovarian AR in disrupted cyclicity in the LET model and in human PCOS. Interestingly, although tissue-specific or global loss of AR results in subfertility in female mice (74-78), 2.5 weeks of AR antagonism by flutamide in CON females did not appear to have any effects on estrus cyclicity or ovulation. Although we also observed fewer atretic cyst-like follicles in flutamide-treated LET females compared with LET mice that received empty pellets, flutamide had no effect on the number of hemorrhagic cysts in these mice, indicating that the latter is not an AR-dependent phenotype. Indeed, flutamide treatment similarly fails to improve ovarian hemorrhagic cysts in aromatase knockout females (66) .
In addition to improved reproductive endocrine phenotypes, we observed that LET females stopped gaining excess weight after receiving flutamide treatment, indicating that obesity in these mice is androgen dependent. Moreover, decreased body weight in flutamide-treated LET females may also have contributed to decreased T levels in these animals, as obesity promotes increased androgen secretion both in women and in rodents on a high-fat diet (6, 79) . Together with previous data demonstrating that E2 levels and many estrogen-sensitive parameters are normal in LET female mice (likely due to upregulation of Cyp19a1) (33, 73), increased body weight in the LET model can most likely be attributed to excess androgens rather than inhibition of estradiol synthesis. Indeed, chronic DHT exposure in intact female mice results in increased body weight, decreased energy expenditure, and alterations in the central melanocortin system, with no change in food intake (80) . Although the mechanisms through which androgens may act to affect female body weight have not been elucidated, neuroendocrine AR appears to be involved (14) . Food intake and total energy expenditure are unchanged in LET females compared with CON, although LET mice do exhibit decreased activity during the dark cycle (65) . Metabolic dysfunction in PCOS is associated with hyperandrogenism regardless of body mass index (81, 82) , and flutamide significantly decreases visceral adiposity in obese women with PCOS on calorie-restricted diets (83) , further highlighting the importance of androgens in the metabolic phenotypes associated with PCOS. Metabolic features of PCOS include increased adipocyte size (84, 85) , which is also exhibited by LET mice. Although the effect of flutamide on adipocyte area in women with PCOS has not been determined, we observed a significant decrease in mean adipocyte size with flutamide treatment in LET females, indicating that this is an androgen-dependent phenotype in the LET model. In line with our finding, global AR knockout prevented increased adipocyte area in the PNA mouse model of PCOS (15) and in a postnatal DHT model (14) .
In the current study, we have demonstrated that blockade of AR by the pure AR antagonist flutamide ameliorates or reverses many PCOS phenotypes in the LET mouse after only 2.5 weeks. To our knowledge, there are no known interactions between flutamide and letrozole, although we cannot rule out the possibility that differences in T between treatment groups may have affected metabolism of one or both of these drugs (86) . PCOS phenotypes similar to those that we found to be reversed with flutamide treatment in LET females have been improved with antiandrogen treatment in both humans (22, 42, 43, 83) and animal models (27) or prevented with loss of AR signaling in animals (14-16), strongly supporting our findings that androgen actions are responsible for many key features of PCOS. Although AR actions are involved in the maintenance of LET phenotypes, it remains unclear whether AR is necessary for establishment of these PCOS phenotypes and the specific tissues in which androgens may be acting in the LET mouse, both of which will be important areas of future study. Altogether, we have shown that many reproductive and metabolic aspects of the LET PCOS phenotype can be attributed to AR signaling, establishing the relevance and importance of this model for the study of mechanisms underlying PCOS.
